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In this note we revisit the SUSY effects in Rb under current experimental constraints including the LHC 
Higgs data, the B-physics measurements, the dark matter relic density and direct detection limits, as well 
as the precision electroweak data. We ﬁrst perform a scan to ﬁgure out the currently allowed parameter 
space and then display the SUSY effects in Rb . We ﬁnd that although the SUSY parameter space has 
been severely restrained by current experimental data, both the general MSSM and the natural-SUSY 
scenario can still alter Rb with a magnitude sizable enough to be observed at future Z-factories (ILC, 
CEPC, FCC-ee, Super Z-factory) which produce 109–1012 Z-bosons. To be speciﬁc, assuming a precise 
measurement δRb = 2.0 × 10−5 at FCC-ee, we can probe a right-handed stop up to 530 GeV through 
chargino-stop loops, probe a sbottom to 850 GeV through neutralino-sbottom loops and a charged Higgs 
to 770 GeV through the Higgs-top quark loops for a large tanβ . The full one-loop SUSY correction to Rb
can reach 1 × 10−4 in natural SUSY and 2 × 10−4 in the general MSSM.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
After the discovery of the 125 GeV Higgs boson [1,2], the pri-
mary task of the LHC is to hunt for new physics beyond the 
Standard Model (SM). Among various extensions of the SM, the 
low energy supersymmetry (SUSY) is the most appealing candi-
date1 since it can solve the gauge hierarchy problem, naturally 
explain the cosmic cold dark matter and achieve the gauge cou-
pling uniﬁcation. The search for SUSY has long been performed 
both directly and indirectly. On the one hand, the colliders have 
directly searched for the sparticle productions. On the other hand, 
SUSY effects have been probed indirectly through precision mea-
surements of some low energy observables.
Rb ≡ (Z → b¯b)/(Z → hadrons) is a famous observable which 
is sensitive to new physics beyond the SM [4]. So far the most 
precise experimental value Rexpb = 0.21629 ± 0.00066 comes from 
the LEP and SLC measurements [5], while the SM prediction is 
RSMb = 0.21579 [6]. The future Z -factories are expected to produce 
much more Z -bosons than the LEP experiment. For example, 109, 
1010 and 1012 Z -bosons are expected to be produced respectively 
at the International Linear Colldier (ILC) [7], the Circular Electron–
* Corresponding authors.
E-mail addresses: weisv@itp.ac.cn (W. Su), jmyang@itp.ac.cn (J.M. Yang).
1 Confronted with the 125 GeV Higgs mass, the minimal SUSY model (MSSM) has 
a little ﬁne-tuning while the next-to-minimal SUSY model is more favored [3].http://dx.doi.org/10.1016/j.physletb.2016.03.075
0370-2693/© 2016 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.Positron Collider (CEPC) [8], the Future Circular Collider (FCC-ee) 
[9] and the Super Z -factory [10]. This will allow for a more pre-
cise measurement of Rb [11] and help pin down the involved new 
physics effects.
The SUSY effects in Rb were calculated and discussed many 
years ago [12–15]. In this work we revisit these effects for two 
reasons: (i) The current experiments, especially the LHC experi-
ments, have severely restrained the SUSY parameter space. It is 
intriguing to ﬁgure out the possible magnitude of the SUSY effects 
in the currently allowed parameter space; (ii) Given the possibility 
of some future Z -factories like ILC, CEPC or FCC-ee, a more pre-
cise measurement of Rb will help reveal the SUSY effects although 
these effects may have already been restrained to be rather small 
by current experiments. In order to know if the SUSY effects are 
accessible in a future measurement of Rb , we must ﬁgure out their 
currently allowed value.
This work is organized as follows. In Sec. 2, we give a de-
scription of SUSY effects in Rb . In Sec. 3, we scan over the SUSY 
parameter space and display the SUSY effects in the allowed pa-
rameter space. Finally we give our conclusion in Sec. 4.
2. SUSY corrections to Rb
Since the SUSY effects in Rb have been calculated in the liter-
ature [12,13], here we only give a brief description. The dominant 
SUSY effects in Rb are from the vertex corrections to Z → bb¯, as  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 2. One-loop Feynman diagrams of chargino correction to Z → b¯b.
Fig. 3. One-loop Feynman diagrams of neutralino correction to Z → b¯b.
shown in Figs. 1–5. These corrections come from the gluino loops, 
chargino loops, neutralino loops, charged Higgs loops and neutral 
Higgs loops.
The one-loop SUSY correction to Rb can be expressed as
δRSUSYb 
RSMb (1− RSMb )
v2b(3− β2) + 2a2bβ2
[vb(3− β2)δvb + 2abβ2δab], (1)
where vb = 1/2 − 2 sin θ2w/3 and ab = 1/2 are respectively the 
vector and axial vector couplings of tree-level Zbb¯ interaction, 
β =
√
1− 4m2b/m2Z is the velocity of bottom quark in Z → bb¯, and 
δvb and δab are the corresponding corrections deﬁned as [13,16,
17]
δvb = δg
b
L + δgbR
2
, δab = δg
b
L − δgbR
2
. (2)
Here δgbλ (λ = L, R) is give by
δgbλ =  f λ(m2Z ) − gZbb¯λ bλ(m2), (3)bFig. 4. One-loop Feynman diagrams of charged Higgs correction to Z → b¯b.
Fig. 5. One-loop Feynman diagrams of neutral Higgs correction to Z → b¯b.
where  f λ(m2Z ) denotes the vertex loop contributions and bλ(m
2
b)
is the counter term from the bottom quark self-energy. We per-
form straightforward loop calculations and conﬁrm the expressions 
in [13]. The results can be expressed as
bλ (p
2
b) =
Cg
(4π)2
∣∣∣∣gψ¯ jbφ∗iλ
∣∣∣∣
2
(B0 + B1)(pb,mφi ,mψ j ), (4)
bλ (q
2) = − Cg
(4π)2
{(
g
ψ¯ jbφ
∗
k
λ
)∗
g
ψ¯ibφ
∗
k
λ
[
g
ψ¯ jψi Z
λ mψimψ j C0
+ gψ¯ jψi Z−λ
(
−q2(C12 + C23) − 2C24 + 1
2
)]
× (pb¯, pb,mψi ,mφk ,mψ j )
−
(
g
ψ¯kbφ
∗
i
λ
)∗
g
ψ¯kbφ
∗
j
λ g
φ∗i φ j Z2C24
× (pb¯, pb,mφ j ,mψk ,mφi )
}
, (5)
where Cg = 4/3 for the gluino loops and Cg = 1 for other loops, 
and B0, B1 and C12, C23, C24 are Passarino–Veltman functions [18]. 
The notation (φ, ψ) represents (b˜, g˜) for gluino loops, (t˜ , χ˜−) for 
chargino loops, (b˜, χ˜0) for neutralino loops, (H− , t) for charged 
Higgs loops and (h/a/G0, b) for neutral Higgs loops.
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Fig. 8. Same as Fig. 6, but showing the gluino loop effects.
In addition to Rb , we also show the SUSY effects in the forward-
backward asymmetry AbFB in the decay Z → b¯b:
δAbFB
∣∣
SUSY
 AbFB
∣∣
SM
( vbδvb + abδab
abvb
− 2 vb(3− β
2)δvb + 2abβ2δab
v2b(3− β2) + 2a2bβ2
)
.
(6)Its experimental value is 0.0992 ±0.0016 from the LEP experiment 
[5] while its SM prediction is 0.1032 ± 0.0004 [19]. In the future 
Z -factories, this forward-backward asymmetry will be measured 
together with Rb , both of which will jointly allow for a revelation 
of SUSY effects.
3. Numerical calculations and results
3.1. SUSY parameter space
To clarify our numerical calculations we consider the general 
MSSM and the natural-SUSY scenario [20]. From the natural-SUSY 
results (the natural-SUSY parameter space is much smaller than 
the general MSSM), we can acquire the more detailed characters 
of each kind of loops, while from the general MSSM results we 
can obtain the more general size of SUSY loop effects.
For the natural-SUSY scenario, since in this scenario only the 
higgsino masses and the third-generation squark masses are as-
sumed to be light, while other sparticles are assumed to be rather 
heavy and thus their effects in low energy observables are decou-
pled, in our scan we ﬁx the soft-breaking mass parameters in the 
ﬁrst two generation squark sector and the slepton sector at 5 TeV, 
and assume At = Ab . For the electroweak gaugino masses, inspired 
by the grand uniﬁcation relation, we take M1 : M2 = 1 : 2 and ﬁx 
M2 at 2 TeV. The gluino mass is ﬁxed at 2 TeV since it is supposed 
to be not too far above TeV scale in natural-SUSY. Other parame-
ters vary as follows
1 < tanβ < 60,100 GeV< μ < 200 GeV, |At | < 3 TeV,
100 GeV <mQ 3 ,mU3 ,mD3 < 2 TeV. (7)
For the general MSSM, assuming At = Ab and M1 : M2 : M3 = 1 :
2 : 6, we scan over the following parameter space
1 < tanβ < 60,100 GeV< μ < 1000 GeV, |At | < 3 TeV,
100 GeV <mQ 3 ,mU3 ,mD3 < 2 TeV,100 GeV< M2 < 20000 GeV.
(8)
In our scan we consider the following experimental constraints:
(1) The constraints on the Higgs sector from the LEP, Tevatron and 
LHC experiments. We use the package HiggsBounds-4.0.0 [21]
to implement these constraints.
(2) The experimental constraints in B-physics. We require SUSY 
to satisfy various B-physics bounds at 2σ level with SUSY 
FLAVOR v2.0 [22], which includes B → Xsγ , Bs → μ+μ− , 
B+ → τ+ν and so on [23].
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Fig. 10. Same as Fig. 6, but showing the neutral Higgs loop effects.
(3) The measurements of the precision electroweak observables. 
The SUSY predictions of ρl , sin
2 θ leff and mW are required to 
be within the 2σ ranges of the experimental values [5].
(4) The dark matter constraints. We require the thermal relic 
density of the neutralino dark matter to be below the 2σ
upper limit of the Planck value [24] and require the dark 
matter-nucleon spin-independent scattering scross section σ SIr
to satisfy the 95% C.L. limits of LUX [25]. We also consider 
the limits of spin-dependent dark matter-nucleon cross sec-
tion σ SDr from the XENON100 experiment [26]. The relic den-
sity, σ SIr and σ
SD
r are calculated with the code MicrOmega 
v2.4 [27].
About the mass bounds from the LHC direct searches, in natural 
SUSY the higgsinos have very weak bounds because their pair pro-
ductions only give missing energy and are rather diﬃcult to detect 
(a mono-jet or mono-Z is needed in detection) [28], while for the 
stops the right-handed one is weakly bounded (its mass can be as 
light as 210 GeV for higgsinos heavier than 190 GeV) [29]. When 
we display the numerical results, we will not show a sharp LHC 
bound on stop or higgsino mass (we only consider the LEP bounds 
on stop and higgsinos). For each surviving sample we calculate the 
correction to Rb and display the numerical results in the proceed-
ing section.Fig. 11. Same as Fig. 6, but showing δRb versus δAbFB .
Fig. 12. Same as Fig. 11, but for the combined loop effects.
Fig. 13. Same as Fig. 12, but for the general MSSM.
3.2. Numerical results of Rb and A
b
FB
The results for natural-SUSY and the general MSSM are dis-
played in Figs. 6–12 and Figs. 13–14, respectively. We ﬁrst show 
the results of different loops and then show the combined re-
sults. Finally we compare the natural-SUSY results with the general 
MSSM results.
140 W. Su, J.M. Yang / Physics Letters B 757 (2016) 136–141Fig. 14. The plots of survived samples, showing the most sensitive restrictions in two scenarios. The left panel is for natural SUSY, where the samples with and without 
B-physics constraints are displayed (other constraints are satisﬁed). The right panel is for the general MSSM, where the samples with and without the dark matter-nucleon 
spin-independent scattering limits are displayed (other constraints are satisﬁed).About the future precision of Rb measurement, the CEPC would 
produce 1010 Z -bosons and probably measure Rb with an un-
certainty of 1.7 × 10−4 [8,11], while the FCC-ee could produce 
1012 Z -bosons and give a much better Rb measurement at 10−5
level [9]. In our ﬁgures, for illustration, we mark an uncertainty 
of 2 × 10−5 [9,11]. The SUSY parameter space giving δRSUSYb >
2 × 10−5 corresponds to the observable region.
Some discussions about the results are in order:
(a) From Fig. 6 we see that the chargino-stop loop effects are 
sizable only if t˜1 is dominated by a right-handed stop. For 
a left-handed stop, its coupling with higgsino and bottom 
Yb = gmb/(
√
2mW cosβ) is suppressed (the lightest chargino 
χ˜±1 is dominated by higgsino component since the higgsino 
mass μ is much smaller than the gaugino masses M1 and 
M2 in natural SUSY). Only for a very large tanβ can the cou-
pling Yb be comparable to the corresponding right-handed 
stop coupling Yt = gmt/(
√
2mW sinβ). Our numerical results 
shows that tanβ is smaller than 35 (so that Yb/Yt < 1) for t˜1
below 530 GeV (when tanβ is larger, t˜1 must be heavier to 
satisfy the experimental constraints). Note that, as commented 
in the preceding section, so far the right-handed stop mass 
in natural SUSY is weakly bounded by LHC experiments (its 
mass can be as light as 210 GeV for higgsinos heavier than 
190 GeV) [29].
(b) As shown in Fig. 8, the gluino-sbottom loop effects are very 
small due to the heaviness of gluino. The loop effects of the 
neutralinos, charged and neutral Higgs bosons, as shown in 
Figs. 7, 9 and 10, are sensitive to tanβ and can be sizable for 
a large value of tanβ . Our numerical results show that the 
neutralino loop can push the b˜1 mass to 850 GeV when tanβ
is around 32. If the tanβ is about 23, through the charged 
Higgs loop, H˜+ mass less than 770 GeV is excluded. The neu-
tral Higgs loops impose an upper bound of 46 on the value of 
tanβ .
(c) From Figs. 11, 12 and 13 we see that the SUSY effects in 
Rb and AbFB are correlated, as expected. Both observables can 
jointly probe the SUSY effects. While the chargino loop ef-
fects always enhance both quantities, the combined total ef-
fects of all loops can either enhance or reduce them. We 
also ﬁnd that in the general MSSM without special natural-
ness requirement, both Rb and AbFB are allowed to vary in a 
larger region than in natural SUSY, especially when tanβ is 
small.(d) From Figs. 6–13 we see that in some currently allowed param-
eter space, the effects of natural SUSY may be accessible in the 
future Rb measurement. If it can be measured with an uncer-
tainty of 2 × 10−5, a large part of SUSY parameter space can 
be covered.
(e) We found that for natural SUSY the most stringent limits are 
from B-physics, while for the general MSSM the most strin-
gent limits are from the dark matter-nucleon spin-independent 
scattering limits. The results are shown in Fig. 14. Other 
constraints, such as the dark matter-nucleon spin-dependent 
scattering cross section, are also making impacts but not as 
stringent as these two.
4. Conclusion
We revisited the SUSY effects in Rb under current experimental 
constraints including the LHC Higgs data, the B-physics measure-
ments, the dark matter relic density and direct detection limits, as 
well as the precision electroweak data. We scanned over the SUSY 
parameter space and in the allowed parameter space we displayed 
the SUSY effects in Rb . We found that although the SUSY param-
eter space has been severely restrained by current experimental 
data, SUSY can still alter Rb with a magnitude sizable enough to 
be observed at future Z -factories (ILC, CEPC, FCC-ee). Assuming a 
precise measurement δRb = 2.0 × 10−5 at FCC-ee, we can probe 
the right-handed stop to 530 GeV through the chargino-stop loops, 
probe the sbottom to 850 GeV through the neutralino-sbottom 
loops and the charged Higgs to 770 GeV through the Higgs-top 
quark loops for a large tanβ . The full one-loop SUSY correction to 
Rb can reach 1 ×10−4 in natural SUSY and 2 ×10−4 in the general 
MSSM.
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